The ability to study live cells as they progress through the stages of cancer provides the opportunity to discover dynamic networks underlying pathology, markers of early stages, and ways to assess therapeutics. Genetically engineered animal models of cancer, where it is possible to study the consequences of temporal-specific induction of oncogenes or deletion of tumor suppressors, have yielded major insights into cancer progression. Yet differences exist between animal and human cancers, such as in markers of progression and response to therapeutics. Thus, there is a need for human cell models of cancer progression. Most human cell models of cancer are based on tumor cell lines and xenografts of primary tumor cells that resemble the advanced tumor state, from which the cells were derived, and thus do not recapitulate disease progression. Yet a subset of cancer types have been reprogrammed to pluripotency or near-pluripotency by blastocyst injection, by somatic cell nuclear transfer and by induced pluripotent stem cell (iPS) technology. The reprogrammed cancer cells show that pluripotency can transiently dominate over the cancer phenotype. Diverse studies show that reprogrammed cancer cells can, in some cases, exhibit early-stage phenotypes reflective of only partial expression of the cancer genome. In one case, reprogrammed human pancreatic cancer cells have been shown to recapitulate stages of cancer progression, from early to late stages, thus providing a model for studying pancreatic cancer development in human cells where previously such could only be discerned from mouse models. We discuss these findings, the challenges in developing such models and their current limitations, and ways that iPS reprogramming may be enhanced to develop human cell models of cancer progression.
Introduction
Over the past two decades, diverse cellular models of cancer, in combination with biochemical and imaging tools, have greatly improved the early diagnosis and treatment of various cancers.
Tests exist for the early detection of cervical, colon, and breast cancers and mortality has been steadily declining (Arteaga et al, 2014) . Despite these advances, cancers such as pancreatic ductal adenocarcinoma (PDAC) retain a dismal prognosis due to a paucity of clinical symptoms and biomarkers for early-stage disease (Cantley et al, 2012) . The failure to detect early disease prevents the application and testing of therapeutics that could be used to inhibit disease progression. Genetically engineered animal models in mouse and zebrafish have been developed for diverse cancers (Tuveson & Jacks, 2002; Liu & Leach, 2011; Ablain & Zon, 2013) . Such models can provide insights into the basis of cancer development that have helped generate treatments, such as for acute promyelocytic leukemia (Wang & Chen, 2008; Nardella et al, 2011 ). Yet there are cross-species differences between animal and human cancers with regard to the size of tumors, cancer susceptibility, spectrum of agerelated cancers, and telomere lengths (DePinho, 2000; Rangarajan & Weinberg, 2003) . Cancer therapeutics that work in mouse models can fail in clinical human trials (Ledford, 2011; Begley & Ellis, 2012) . To complement these limitations, human solid tumors, organoid cultures thereof (Gao et al, 2014; Li et al, 2014) , and cell lines (Sharma et al, 2010) have been engrafted into immunocompromised mice either as tumor fragments (Tentler et al, 2012) , dispersed cells, or cells sorted for tumor initiating cells/cancer stem cells (CSC) (Ishizawa et al, 2010; Nguyen et al, 2012) . In these contexts, tumors inevitably arise that resemble the parental tumor state from which the cells were derived and do not undergo early-stage progression (Tentler et al, 2012) . Primary human mammary epithelial cells can undergo cancer progression in mouse xenografts, but require prior transformation with oncogenes rather than employing endogenous genetic changes found in tumors (Wu et al, 2009) . Currently, there are few human cell models of cancer progression that are dependent upon naturally occurring genetic mutations.
Here, we describe the use of somatic cell nuclear transfer (SCNT) on mouse cancer cells and induced pluripotent stem (iPS) cell technology to model human cancer progression. Cancer progression by the SCNT or iPS reprogrammed cells can help reveal new networks for early-stage disease, potential early-stage biomarkers, and human cell models in which therapeutics can be assessed. We first discuss the history of reprogramming of cancer cells to pluripotency, as initiated with blastocyst injection and somatic nuclear transfer. We also describe mechanisms that may underlie a temporary dominance of pluripotency over the cancer genome and the use of iPS technology to elicit such dominance. We then review the advances and challenges associated with iPS-based approaches, along with the future prospects for developing new human cell models of cancer progression.
Early examples of cancer cell reprogramming to pluripotency
Several lines of evidence show that cancer progression can be elicited by reversible epigenetic changes as well as by irreversible mutations in oncogenic and tumor suppressor genes (Esteller, 2007) . The first experimental evidence of tumor reversibility was described in crown-gall tumors in plants over a half century ago (Braun, 1959) . Braun had hypothesized that the individual pluripotent teratoma cells of crown-gall tumors might be recovered from the cancer in grafting experiments. To test his idea, he grafted the shoots from crown-gall teratoma cells serially to the cut stem ends of the healthy tobacco plants. The grafted teratoma tissue gradually developed more normal appearing shoots, which eventually flowered and developed seeds. He concluded that 'the cellular alteration in crown gall did not involve a somatic mutation at the nuclear gene level and rather some yet uncharacterized cytoplasmic entity is responsible for the cellular changes that underlie the tumorous state in the crown-gall disease. ' In mammalian development, the fertilized egg, or zygote, undergoes cell divisions to reach the blastocyst stage. The blastocyst contains the first differentiated structures, consisting of an outer layer of trophectoderm and an inner cell mass (ICM) that develops into the embryo and yolk sac. Many cells within the inner cell mass are considered pluripotent, because they give rise to all three germ layers (endoderm, ectoderm, and mesoderm) and derived tissues in the embryo. The most stringent test of whether exogenous mammalian cells are pluripotent is to inject them into a blastocyst and determine whether they contribute to the embryo and, ultimately, the animal proper (Lin, 1966) . Individual malignant stem cells of murine embryonal teratomas (embryonic carcinoma, EC) injected into 280 blastocysts yielded 45 apparently normal embryos or fetuses, and such cells injected into 183 blastocysts yielded 48 apparently normal live mice (Mintz & Illmensee, 1975) . All of three fetuses analyzed were mosaic, with substantial tissue contributions from teratoma cells, indicating the cells' pluripotency. Notably, many genes that had been silent or undetectable in the tumor, such as immunoglobulin, hemoglobin, MUP, agouti genes, were expressed in the appropriate tissues. The authors concluded that 'conversion to neoplasia did not involve structural changes in the genome, but rather a change in gene expression. ' The developmental pluripotency of somatic cell nucleus can be tested by implanting them into enucleated oocytes, that is, somatic cell nuclear transfer (SCNT) (Gurdon et al, 1958) . By SCNT, a subset of cancer cells such as certain renal tumor cells, medulloblastoma cells, RAS-induced melanoma cells, and EC cells were able to be reprogrammed to pluripotency (McKinnell et al, 1969; Blelloch et al, 2004; Hochedlinger et al, 2004) . Donor nuclei from triploid frog renal tumors were reprogrammed by injection into enucleated frog eggs, developed into blastulas with a higher efficiency than diploid nuclei (23% versus 7.7%). Yet only 21% of the triploid, tumor-derived blastulas developed into swimming embryos compared to 100% of the blastulas from normal diploid nuclei (McKinnell et al, 1969) . The living triploid tadpoles differentiated into functional embryonic tissues of many types and the descendant tail fins regenerated appropriately, demonstrating pluripotency of the reprogrammed tumor genome (McKinnell et al, 1969) . Hochedlinger et al (2004) , RAS-inducible melanoma cell line. All SCNT-reprogrammed cancer cell lines, but no primary tumor cells, were able to develop normal appearing blastocysts, with much greater efficiency in cancer cell lines harboring mutant tumor suppressors. SCNT-derived blastocysts whose zona pellucida was removed were placed onto irradiated murine embryonic fibroblast to derive embryonic stem (ES) cells. However, such SCNT-ES cell lines were only made from an Ink4a/Arf À/À , RASinducible melanoma cell line, suggesting that only certain cancer genomes or cell types are amenable to the manipulation.
To assess their autonomous developmental potential, melanoma SCNT-ES cells were injected into tetraploid blastocysts, where transplanted wild-type ES cells can exclusively give rise to the embryo and tetraploid cells become the placenta (Wang et al, 1997) . The resulting embryos developed up to day 9.5 of mouse gestation (E9.5) with a beating heart, closed neural tube, and developing limb and tail buds. Yet at later stages, embryos were not recovered, presumably because of the reactivation of irreversible genetic alterations of the melanoma.
However, in a chimeric blastocyst assay, where normal and donor cells can contribute to the embryo, the SCNT-ES cells, despite having major severe chromosomal changes from the original cancer, showed remarkable differentiation by contributing to skin, intestine, heart, kidney, lungs, thymus, and liver in newborn chimeric mice and to adult lineages such as the lymphoid compartment in Rag2-deficient chimeric mice (Hochedlinger et al, 2004) . These findings show that the oocyte cytoplasm can reprogram the epigenetic state of the donor cancer cell nucleus into a pluripotent state that supports differentiation into multiple somatic cell types.
The SCNT-ES-derived adult chimeric mice developed multiple primary melanoma lesions with an average latency of 19 days, comparable to the latency required for the development of recurrent tumors or the emergence of tumors derived from transplanted melanoma cells (Chin et al, 1999) . Interestingly, 33% of the chimeras from melanoma SCNT-ES cells developed rhabdomyosarcoma, which has an overlapping pathway with melanoma, showing the consequence of the 'melanoma genome' expressed in a different tissue (Hochedlinger et al, 2004) (Fig 1, top) . Li et al (2003) tested the epigenetic reprogramming of medulloblastoma, a pediatric brain tumor, originating from the granule neuron precursors of the developing cerebellum. The medulloblastoma cells were isolated from Ptc +/À mice and used for SCNT.
Although transferred SCNT cells developed into blastocysts that were morphologically indistinguishable from those derived nuclei of spleen control cells, no viable embryos were identified after E8.5 in the transplanted pseudo-pregnant mice. Intriguingly, while the embryos at E7.5 days appeared grossly normal and contained all three germ layers as well as an ectoplacental cone, a chorion, an amnion, a Reichert's membrane, a yolk sac cavity, and an amniotic cavity, embryos at E8.5 showed more extensive differentiation of the cephalic vesicles and neural tubes, implying that the lack of viable embryos after E8.5 could be attributed to dysregulated neuronal lineages. Thus, this report demonstrates the mutation(s) underlying medulloblastoma was suppressed during pre-implantation and early germ layer stages, and became activated within the context of the cerebellar granule cell lineage, ultimately leading to embryonic lethality (Fig 1, bottom) . In summary, the cancer genome can be suppressed during the pre-implantation blastocyst stage when certain cancer cells are first reprogrammed to pluripotency by nuclear transfer (SCNT-ES). The resultant pluripotent cells can then differentiate into multiple early developmental cell types of the embryo. Yet, later in organogenesis, the cancer genome becomes activated, particularly in the cell lineage in which the original cancer occurred. This leads to the question of how the pluripotency network can suppress the cancer phenotype sufficiently to allow early tissue differentiation and development.
Expression of proto-oncogenes during development and suppression by pluripotency
The expression of proto-oncogenes is spatially and temporally regulated during embryogenesis, with certain proto-oncogenes being transiently activated in only certain tissues and in late lineage specification (Pfeifer-Ohlsson et al, 1984 , 1985 Slamon & Cline, 1984; Adamson, 1987; Wilkinson et al, 1987; Pachnis et al, 1993) . For examples, tyrosine kinase c-Src mRNA is transiently expressed between days E8-10 of mouse gestation and gradually decreases thereafter (Slamon & Cline, 1984) . In human cancers, Src tyrosine activity is correlated with Src protein expression (Verbeek et al, 1996) .
Proto-oncogene expression during development can be modulated by epigenetic states. For instance, the repressive histone mark H3K27me3 and active histone mark H3K4me3 both are enriched at the promoter of proto-oncogenes c-SRC, AKT1, and MYB in human ES cells, but only the active histone mark H3K4me3 is enriched in the K562 cancer cell line (ENCODE). (Ram et al, 2011) . While inactivation of tumor suppressor genes such as CDKN2A and TP53 is observed in many human cancers, including PDAC (Nigro et al, 1989; Caldas et al, 1994) , genes encoding histone modifying enzymes are often mutated in cancer (Dawson & Kouzarides, 2012; Kadoch et al, 2013) and such enzymes can bind to and repress the CDKN2A locus (Bracken et al, 2007) . Moreover, the conformation status of p53 can be changed in the pluripotent state. Undifferentiated ES cells express high levels of p53 in a wild-type conformation, but there is a shift in the conformational status of p53 to a mutant form upon RA-induced differentiation (Sabapathy et al, 1997) . Mouse ES cells harboring oncogenic mutant alleles of p53 maintain pluripotency and are benign, with normal karyotypes compared to ES cells, when the p53 gene is knocked out (Rivlin et al, 2014) .
The embryonic stem cell microenvironment, presumably mimicking that in the blastocyst, can contribute to the suppression of uncontrolled cell growth in the pluripotent state; this helps to keep the balance between self-renewal and differentiation. The EMBO Journal
Aggressive melanoma cells were reprogrammed into melanocytelike cells and invasiveness was reduced, at least in part, by culturing the cells on Matrigel that was conditioned by human ES cells, suggesting suppressive, anti-invasive cues associated with the huES microenvironment (Postovit et al, 2006) . The aggressive melanoma and breast carcinoma cells express Nodal, which is essential for human ES cell pluripotency, yet these cancers did not express Lefty, an inhibitor of Nodal, which is expressed in human ES cells. Exposure of the cancer cell lines to ES-conditioned Matrigel resulted in a decrease in tumorigenesis accompanied by a reduction in clonogenicity and an increase in apoptosis, directly associated with secretion of Lefty from huES cells (Postovit et al, 2008) .
In conclusion, early developmental signals naturally regulate proto-oncogenes so that their expression can be suppressed until an appropriate developmental stage where the genes function. Concordantly, the changing early embryonic environment and the mimic of such environments during ES cell culture can suppress oncogenic phenotypes of cancer-derived cells.
Reprogramming of somatic cells to pluripotency by OSKM
Human and mouse somatic cells (such as fibroblasts, blood cells, etc.) can be reprogrammed into a pluripotent ES-like cells, called induced pluripotent stem (iPS) cells, by the ectopic expression of transcription factors such as Oct4, Sox2, Klf4, and c-Myc (OSKM) (Takahashi & Yamanaka, 2006) . As this method does not need oocytes or blastocysts that are used for SCNT, it is a much more accessible technique and it side-steps ethical issues associated with using early human embryos. The pluripotency of human iPS cells can be validated by cell markers, genomic RNA expression profiles, epigenetic profiles, and teratoma assays; the latter being when (e.g., human) iPS cells are injected subcutaneously into mice that are genetically deficient in innate and acquired immunity (e.g., NOD-SCID (Shultz et al, 2005) ). Details of iPS cell generation and use are discussed elsewhere in this issue.
Reprogramming of cancer cells to pluripotency or near-pluripotency by OSKM
In the first experiments on cancer reprogramming by SCNT described above, only a subset of cancer cell types could be reprogrammed to pluripotency. Despite the remarkable demonstration of the potential dominance of the pluripotent state over cancer, major questions remained. Are there particular cancer mutations that allow or block the ability of a cancer cells to be reprogrammed to pluripotency? Does such ability to be reprogrammed relate to the tissue type of the cancer? At what stage of using re-differentiation of the reprogrammed cancer cells does the cancer genome regain dominance over the cell phenotype? Can understanding the transition between pluripotency and cancer provide new insight into how to control the growth of cancer cells? Now that the relatively simple iPS technology can be applied to reprogram cancer cells, independent of oocytes and blastocysts, these questions have been revisited.
Reprogramming of chronic myeloid leukemia (CML)
The initial chronic phase of CML, which originates from hematopoietic stem cells of the bone marrow, is caused by a BCR-ABL fusion mutation that drives cell expansion, while the CML clones retain differentiation potential (Melo & Barnes, 2007) . The chronic phase of CML progresses into an accelerated phase, followed by the blast crisis, terminal phase of CML upon acquisition of a second lesion. Once CML reaches the blast crisis stage, the cells lose the ability to differentiate and immature leukemia cells overgrow. Based upon the dependency of CML on BCR-ABL activated tyrosine kinase, tyrosine kinase inhibitors such as imatinib improved the long-term survival rate of CML patients. However, the inhibitor cannot completely eradicate CML cells and often lead to the recurrence of CML clones after its discontinuation (Melo & Barnes, 2007) . Can CML in the terminal blast crisis stage be reprogrammed into iPS cells? If so, can CML-iPS cells recapitulate the initial chronic phase of CML, which has differentiation potential? Can be the dependency of CML on BCR-ABL signaling be altered?
Carette et al ( Interestingly, whereas parental CML cell lines were dependent on the BCR-ABL pathway, the CML-iPS cell lines were independent of BCR-ABL signaling and showed resistance to imatinib, an inhibitor of BCR-ABL signaling (Carette et al, 2010) . The loss of BCR-ABL dependency was also observed in cells differentiated in vitro into neuronal or fibroblast-like cells. Yet when the cells were differentiated in vitro to hematopoietic lineage cells, they became sensitive to imatinib, suggesting that the recovery of oncogenic dependency as the CML-iPS cells underwent hematopoietic differentiation. Thus, oncogenic mutations can be dynamically expressed when cancer cells are converted to pluripotency and then re-differentiated.
Similar observations were seen by another group that generated iPS cells from primary CD34 + cells which were isolated from bone The EMBO Journal Reprogramming cancer cells to pluripotency Jungsun Kim & Kenneth S Zaret expression of the proto-oncogene C-ABL is high at mouse embryonic day 10 when the first definitive hematopoietic stem cells are generated (Muller et al, 1982; Sanchez et al, 1996) , the CML-iPS cells, corresponding to mouse blastocyst cells at embryonic day 3-5, may express regulatory factors that suppress C-ABL signaling. Thus, understanding the underlying mechanisms that counteract BCR-ABL signaling in CML-iPS cells and their immature, newly differentiated progeny could provide insight into the resistant to imatinib. Furthermore, it may be possible to screen new drugs that can inhibit CML clones at this stage and then treat CML patients with such drugs in combination with classical inhibitors. Taken together, these studies show how reprogramming to pluripotency can modulate oncogene expression and recapitulate the initial chronic phase of CML.
Reprogramming of gastrointestinal cancer cell lines Miyoshi et al (2010) hypothesized that reprogramming of gastrointestinal cancer cell lines into iPS would allow the cells to undergo differentiation and enhanced sensitivity to therapeutics. The iPS cells arising in their experiments were capable of differentiation into cells of the three germ layers in vitro. Interestingly, while the parental gastrointestinal cancer cell lines generated tumors within four months of injection into NOD/SCID mice, such tumorigenesis was not seen with the differentiated cells arising from the iPS cells derived from the cell lines. In accord with these observations, the gastrointestinal cancer-derived iPS cells, upon differentiation, expressed higher levels of the tumor suppressor genes p16 Ink4a and p53, slower proliferation and were sensitive to differentiationinducing treatment (Miyoshi et al, 2010) . These findings show that the pluripotency state imposed by the OSKM factors can partially suppress the cancer phenotype in the gastrointestinal cell lines.
Reprogramming of glioblastoma (GBM) neural stem cells and human sarcoma
To determine whether cancer-specific epigenetic changes can be altered or erased by reprogramming and how such might correlate with transcriptional changes and suppression of malignancy, primary GBM-derived neural stem cells (GNS) were reprogrammed using piggyBac transposon vectors expressing OCT4 and KLF4 (Stricker et al, 2013) . Widespread resetting of epigenetic methylation occurred in the GNS-iPS cells in cancer-specific methylation variable positions (cMVPs) and also at the GBM tumor suppressor genes CDKN1C (cyclin-dependent kinase inhibitor 1C) and TES and was associated with the genes' derepression. Interestingly, teratomas from the GNS-iPS cells generated compact and noninfiltrative cells of all three germ layers. The majority of cells in the teratomas developed into highly proliferating neural progenitors, showing epigenetic memory of the cell type used to generate iPS cells. Primary GBM develops rapidly from neural precursors, apparently without clinical or histopathological evidence of less malignant precursor lesions (Ohgaki & Kleihues, 2013) . In accordance with the human cancer, neural progenitor cells that were differentiated from iPS-GNS recapitulated aggressive glioblastoma when transplanted into the adult mouse brain (Stricker et al, 2013) . In contrast, non-neural mesodermal progenitors, differentiated from two independent GNS-iPS clones in vitro, sustained the expression of TES and CDKN1C formed benign tumors and failed to infiltrate the surrounding brain (Stricker et al, 2013) .
To determine whether human cancer cells can be reprogrammed to pluripotency and then terminally differentiated with concomitant loss of tumorigenicity, human sarcoma cell lines were reprogrammed by infecting with human OSKM along with NANOG and LIN28 . In xenograft assays in non-immune mice, the reprogrammed sarcoma cells formed tumors at slower rates than their parental cell lines. The sarcoma-iPS-derived tumors were of lower grade, exhibited more necrosis, reduced staining for a marker of proliferation, and reduced expression of the vimentin mesenchymal marker than tumors from the sarcoma parental cell lines. Thus, reprogramming decreased the aggressiveness of the cancer compared to the cells' parental counterparts. All 32 oncogenes and 82 tumor suppressor genes whose promoter DNA was initially methylated, were demethylated as a result of reprogramming, indicating that the reprogramming process was accompanied by major epigenetic changes in growth-and cancer-related genes. By ANOVA of gene expression profiles and principal component analysis, the reprogrammed sarcoma cells, though only partially reprogrammed, were more like embryonic stem cells compared to mesenchymal stem cells (MSCs) and partially reprogrammed fibroblasts, demonstrating that the sarcoma cell line was de-differentiated into a pre-MSC state .
The above studies with cancer cell lines showed that the pluripotency factors and the pluripotency state can suppress features of the cancer phenotype, restore differentiation potential, perturb epigenetics via DNA methylation, and alter cancer-related gene expression.
Reprogramming of human primary pancreatic ductal adenocarcinoma
Taking together the principles learned from SCNT and iPS studies of cancer cell lines, it seemed possible that generating iPS cells from primary human cancer cells would allow the cells to be propagated indefinitely in the pluripotent state and that, upon differentiation, a subset of the cells would undergo early developmental stages of the human cancer, thereby providing a live cell human model to study cancer progression (Kim et al, 2013) . However, generating iPS had not been achieved with cancer epithelial cells from primary human adenocarcinomas. To test this idea, primary pancreatic epithelial cells isolated from pancreatic ductal adenocarcinoma (PDAC) cells and normal cells at the margin of the tumors were reprogrammed by introducing OSKM. Colonies came up frequently from the margin epithelial cultures and very rarely from the cancer epithelial cultures. Once OSKM factors were suppressed, all ES-like colonies differentiated or died; therefore, low level of OSKM expression was retained and the ES-like colonies that arose were called 'iPS-like', as they were apparently unable to completely sustain a pluripotency program.
One cancer iPS-like line, designated 10-22 cells, harbored classical PDAC mutations, including an activated KRAS allele, a CDKN2A heterozygous deletion, and decreased SMAD4 gene copy levels, as well as retained the gross chromosomal alterations seen in the parental, primary cancer epithelial cells, demonstrating that the PDAC-iPS line was derived from advanced PDAC cells (Kim et al, 2013) . The 10-22, PDAC-iPS-like line differentiated into all three germ layer descendants during in vitro embryoid body differentiation, though neuronal lineages were under-represented. In vivo teratoma assays in non-immune mice showed that the 10-22 cells generated multiple germ layer tissues, but preferred to generate endodermal ductal structures. Notably, the ductal structures at 3 months resembled pancreatic intraepithelial neoplasias (PanIN), regarded as a potential precursor to PDAC, and by 9 months the cells progressed to the invasive stage. By contrast, an isogenic line of iPS-like cells derived from the tumor margin gave rise to ductal teratomas, but not PanINs or invasive ductal features. Thus, reprogramming of the PDAC created an experimental model in which human PDAC progression could be studied in live cells.
A major cause for the lethality of PDAC is that there are no reliable biomarkers or clinical phenotypes of the early stages of the disease. To discover potential biomarkers for early PDAC progression, PanIN lesions at 3 months were isolated from non-immune mouse teratomas and cultured in serum-free medium as organoids (Kim et al, 2013) . After 6 days of culture, the medium was harvested and subjected to mass spectroscopic analysis, in order to discover protein markers that are secreted or released from earlystage human PDAC. By subtracting the secreted and released proteins of the organoids from such proteins of contralateral control tissue and of the 10-22 cells grown under pluripotency conditions, 107 proteins specific to the PanIN-stage samples were discovered. Of these, 64% of released or secreted proteins were seen in databases of genes, proteins, and networks expressed within human PanIN and PDAC cells, further validating the PanIN status of the organoids derived from the 10-22 cell teratomas.
The proteins released or secreted from the PanIN organoids fell into three major networks, including interconnected networks for TGF-b and integrin signaling, and for the transcription factor HNF4a. Notably, HNF4a is not or barely expressed in normal pancreatic ductal cells, poorly expressed in the PanIN1 stage, but is activated in PanIN2 and PanIN3 stages, invasive stages, and in early, welldifferentiated human pancreatic cancer (Kim et al, 2013) . HNF4a then decreases markedly and becomes undetectable in advanced or undifferentiated PDAC. Thus, being able to reconstitute PDAC progression with 10-22 cells revealed the activation of an HNF4a network distinctive for the late PanIN stages and well-differentiated PDAC; this network activated during PDAC progression would have been missed in studies of late-stage tumor cells.
In conclusion, although handful of reports have demonstrated the reprogramming of cancer by iPS technology and only a subset of cancer cells are amenable to the process, common lessons can be drawn. (1) The differentiation potential of the cancer cells can be restored, at least in part. (2) Epigenetic states are altered markedly during reprogramming to pluripotency or near-pluripotency. (3) The reprogrammed cells exhibit a reduced aggressive cancer phenotype in teratoma assays, which may be concomitant with suppression of oncogenes from the original cancer and activation of tumor suppressor genes. (4) The reprogrammed cells can re-acquire the cancer phenotype when they differentiate into the lineage from which the iPS line was derived. Indeed, the iPS or iPS-like reprogrammed cancer cells retain a propensity to do so, compared to other lineages. (5) The iPS-like reprogrammed cancer cells can be used to study the progression of the cancer phenotype (Fig 2) .
Questions for the future
Many questions remain. How do the pluripotency factors and reprogramming process partially suppress the cancer phenotype? How might such suppression be restricted to the lineage from which the cancer iPS cells were derived? During the differentiation of cancer iPS cells, how do the cells harboring the late-stage cancer genome undergo disease progression, as opposed to immediately developing the late-stage, parental cancer phenotype? What is the basis by which cancer iPS lines are so difficult to generate? How can the process be improved, to create more models for human cancer progression? While definitive answers to these questions are not in hand, hints about underlying mechanisms are arising in different areas, as discussed next.
Control of cancer versus pluripotency
As for SCNT, iPS technology was able to reprogram a subset of cancer cells to the pluripotent or near-pluripotent state and restore differentiation potential to the cells. Pluripotent ES cells and iPS cells have epigenetic features that may be reciprocal to those in cancer cells (Suva et al, 2013) . For instance, comprehensive highthroughput relative methylation analysis demonstrated the existence of two independent epigenetic mechanisms for cell reprogramming and tumorigenesis. Hypomethylated, 'differentially methylated regions' (DMRs) that can occur in iPS reprogramming were hypermethylated DMRs in colon cancer (Doi et al, 2009) . Seventy-seven percent of cancer-specific methylation variable positions (cMVPs) were hypermethylated and 23% were hypomethylated in GBM The EMBO Journal Reprogramming cancer cells to pluripotency Jungsun Kim & Kenneth S Zaret neural stem cell (GNS) (Stricker et al, 2013) . More than 44% of these cMVPs were reset during reprogramming of GNS to GNS-iPS along with a majority of targets of the Polycomb complex (Stricker et al, 2013) . Furthermore, oncogenes and tumor suppressor genes can become demethylated as a result of iPS reprogramming, which is the opposite of the methylation of tumor suppressor genes seen during cancer progression . ATP-dependent SWI/ SNF complexes are considered to be tumor suppressors, since recurrent mutations of Brg1 subunits of the complex have been observed in various human cancers (Wilson & Roberts, 2011) , including pancreatic cancer (Jones et al, 2008; Shain et al, 2012) . The loss of the Brg1 BAF complex promoted the formation of intraductal papillary mucinous neoplasms and PDAC (von Figura et al, 2014) . By contrast, overexpression of Brg1 and Baf155 components of the BAF complex, along with OSKM, enhances reprogramming to iPS (Singhal et al, 2010) . Together, these findings show that common factors and epigenetic features can differentially elicit tumor formation or reprogramming to pluripotency. While the coordinate, ectopic expression of OSKM induces reprogramming of somatic cells pluripotency (Takahashi & Yamanaka, 2006) , activation of individual pluripotency factors can contribute to tumorigenesis. For instance, the inducible expression of OCT4 in mice initiated dysplasia by preventing the differentiation of multipotent lineages (Hochedlinger et al, 2005) . The ectopic expression of OCT4 in human melanoma cells produced a more aggressive, cancer stem cell-like melanoma (Kumar et al, 2012) . Furthermore, whereas reprogramming to pluripotency in the mouse can produce welldifferentiated teratomas (Abad et al, 2013) , partial reprogramming in mice yields tumors (Ohnishi et al, 2014) . These findings indicate that the pluripotency transcription factors are integrated into networks that govern cancer phenotypes.
An unexplained feature of the use of cancer-derived iPS cells is that the cells harbor the mutations of the late-stage cancer from which the iPS cells were derived, but, as described above, the cancer iPS cells can exhibit disease progression; that is, not simply return to the late-stage phenotype from which they were derived. It follows that the disease progression exhibited by the models may not reflect that seen during the sequential accumulation of cancer driver mutations as might occur in natural tumor development. Yet in human PDAC progression, PanIN2 cells can harbor somatic mutations required for PDAC development, but it can take years for the cells to acquire metastatic activity (Yachida et al, 2010; Murphy et al, 2013) . Thus, even during natural PDAC tumor development, epigenetic or extrinsic factors may be crucial for progression. The attenuation of such factors may occur transiently during reprogramming to pluripotency, and the release from pluripotency can thus mirror the progression to the cancer phenotype seen in vivo.
Low efficiency of reprogramming cancer cells to pluripotency
Cancer cells are reprogrammed very inefficiently and only subset of cancers are amenable to reprogramming. Certain mutations might make cancer cells refractory to reprogramming; that is, 'nonsuppressible' by pluripotency. One iPS line out of 8 derived from PDAC contained the primary PDAC driver allele KRAS
G12D
, even though 78% of starting primary cancer epithelial cells contained KRAS G12D (Kim et al, 2013) . Conceivably, secondary mutations arising during iPS formation allowed the KRAS G12D cells to be reprogrammed. Furthermore, aneuploidy in cancer could cause the cellular stress responses such as activation of p53 through the stress kinase p38 (Thompson & Compton, 2010) , thus possibly impeding reprogramming. PDAC epithelial cells from patients pre-treated with radiation did not produce any iPS colonies, perhaps due to senescence induced by irradiation and DNA damage (J.K. and K.S.Z, unpublished observations). Given that many cancer patients are treated with chemotherapy and irradiation prior to surgical resection, such treatments may prevent the creation of iPS lines. The apparent preference for pluripotent cells to regenerate the cancer type from which they were derived reflects the tendency of iPS cell lines to preferentially differentiate into their lineages of origin (Bar-Nur et al, 2011; Kim et al, 2011) . This 'deficiency' in exhibiting equal pluripotency for all cell lineages can be an advantage in developing human cell models of cancer progression, whereby the cancer iPS lines preferentially recapitulate stages of the cancer type of interest. Thus, despite the difficulties and caveats in generating human cancer iPS models, the examples covered in this review provide new insights into disease progression. It is hoped that a better understanding of how to create iPS cells from human cancers, and epithelial cancers in particular, will provide more opportunities to model and understand other types of solid tumors.
